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Abstract: HT-ATES (high-temperature aquifer thermal energy storage) systems are a future option 
to shift large amounts of high-temperature excess heat from summer to winter using the deep 
underground. Among others, water-bearing reservoirs in former hydrocarbon formations show 
favorable storage conditions for HT-ATES locations. This study characterizes these reservoirs in the 
Upper Rhine Graben (URG) and quantifies their heat storage potential numerically. Assuming a 
doublet system with seasonal injection and production cycles, injection at 140 °C in a typical 70 °C 
reservoir leads to an annual storage capacity of up to 12 GWh and significant recovery efficiencies 
increasing up to 82% after ten years of operation. Our numerical modeling-based sensitivity analysis 
of operational conditions identifies the specific underground conditions as well as drilling 
configuration (horizontal/vertical) as the most influencing parameters. With about 90% of the 
investigated reservoirs in the URG transferable into HT-ATES, our analyses reveal a large storage 
potential of these well-explored oil fields. In summary, it points to a total storage capacity in 
depleted oil reservoirs of approximately 10 TWh a−1, which is a considerable portion of the thermal 
energy needs in this area. 
Keywords: HT-ATES; seasonal energy storage; depleted oil reservoirs; upper rhine graben; 
numerical modeling; potential analysis 
 
1. Introduction 
Continuous efforts of our society to reduce CO2 emissions have led to a large expansion of 
renewable energy sources [1,2]. Their industrial and domestic utilization is, however, hampered by 
the limited temporal availability of these energy sources, especially at times when necessary weather 
or daylight conditions for solar or wind energy sources are not given [3]. Furthermore, climatic 
conditions in most highly industrialized countries require the provision of significant amounts of 
thermal energy for heating purposes [1], leading to a seasonal mismatch between excess heat in 
summer and heat demand in winter. This mismatch between supply and demand of energy 
represents a central challenge for the integration of renewable energy sources and requires energy 
buffer systems of huge capacity [4,5]. 
Geothermal energy technologies allow for energy production as well as storage. Already today, 
numerous storage applications exist, especially in shallow underground systems, ranging from hot 
water tanks and gravel pits to borehole heat exchangers [3]. Most present are BTES (“Borehole 
Thermal Energy Storage”) systems, which are typically reversing heat pump circulation to store 
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excess heat through borehole heat exchangers [6,7], and ATES (“Aquifer Thermal Energy Storage”) 
systems, which store and recover heat using the high permeability of shallow groundwater layers 
[4,8]. In some countries, these systems can be considered to be state-of-the-art and are used in a 
variety of private and public buildings. Worldwide, >2800 ATES systems are in operation, mainly in 
the Netherlands, providing more than 2.5 TWh a−1 for heating and cooling purposes [9,10]. 
However, the operational temperatures of typically T < 50 °C cover mainly individual domestic 
needs and ignore the industrial or district heating demand for high temperature (HT) heat storage, 
where temperatures up to 150 °C are required [11,12]. These systems—herein referred to as “HT-
ATES”—offer several advantages over conventional ATES systems: (1) They are operated in deeper 
reservoirs not perturbing near-surface groundwater horizons, and (2) they allow for shifting large 
amounts of excess heat to cooler winter periods [13]. Furthermore, they can be operated at relatively 
low flow rates inhibiting environmental risk (e.g., induced seismicity) and allowing them to be placed 
even in an urban environment [14,15]. Worldwide, only a few HT-ATES systems are in operation. 
Holstenkamp et al. [16] describe the conditions and experience of the two German systems HT-ATES 
in Berlin and Neubrandenburg, emphasizing the need for further research. 
The Upper Rhine Graben (URG) with its generally high-temperature gradients, which can 
locally reach up to 100 K km−1, provides one of the most favorable geothermal conditions in Central 
Europe [17] and a long-standing hydrocarbon (HC) and recent geothermal exploitation history at 
German, Swiss and French sites. The close link between hydrocarbon and geothermal reservoirs is 
manifested in (1) the vicinity of temperature anomalies and hydrocarbon reservoirs, (2) the 
unintended discovery of the HC reservoir Römerberg (Speyer) by geothermal exploration [18,19], 
and (3) the large areal coverage with 3D seismic hydrocarbon exploration that are now also used for 
geothermal exploration. A similar co-occurrence of geothermal and hydrocarbon resources is for 
example investigated for the Geneva Basin in Switzerland [20]. The long history of hydrocarbon and 
geothermal exploration has led to the URG being geoscientifically the most intensively investigated 
continental rift system worldwide [21,22]. The numerous depleted oil fields in the URG are proven 
reservoirs, are well characterized by their depth, geometry, and reservoir properties [19,23,24], and 
seismicity and environmental impact have shown to be minimal during production. Potentially 
available heat sources for storage comprise excess heat from geothermal power plants or solar energy 
during summer, as well as waste heat from industrial processes. These sources are accompanied by 
a high heat demand in this densely populated area. Therefore, the HC reservoirs in the URG may 
represent ideally situated sites for HT-ATES. This also includes the water-bearing sandstone layers 
below the oil-water contact that presumably may be characterized by similar reservoir properties, 
even though no specific data on these layers are available from hydrocarbon or geothermal 
exploration. 
Similar to the assessment of geothermal systems for energy production, numerical modeling 
represents a widespread approach to evaluate the potential of geothermal storage [25–27]. Storage 
capacity is mostly assessed by simulating operating shallow ATES systems with low injection 
temperatures [28,29]. Rarely, these simulations were extended to HT-ATES with high injection 
temperatures in deep reservoirs [30]. Kastner et al. [31] further show a numerical study for shallow 
ATES coupled with solar energy. Studies on geothermal storage mostly addressed the performance 
of storage systems [32,33] and investigated the influence of hydraulic [34] and thermal reservoir 
properties [29]. Further studies aim at the optimization of the placement and spacing of injection and 
production wells [35,36] as well as the influence of reservoir heterogeneities [29,37]. 
As stated above, the framework conditions in the URG seem to be favorable for the economic 
usage of HC reservoirs as HT thermal energy storage in terms of geology, technology, and energy 
supply and demand. The objective of this paper is to quantitatively evaluate the general suitability 
and storage potential of HC reservoirs in the URG. The herein presented numerical investigation 
characterizes the possible heat storage in water-bearing reservoirs within depleted HC formations in 
the URG. Numerous simulations using a generic model of a HT-ATES system are carried out. These 
simulations are complementary to existing simulations of deeper geothermal systems in the URG 
[38–40], but specify a storage scenario and benefit from the broad database of HC reservoirs. In this 
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context, available geological and petrophysical data from the URG are compiled and transferred into 
a numerical model to estimate the feasibility for HT-ATES. Next, a sensitivity analysis quantifies the 
storage behavior across the expected range of reservoir and operational parameters. Finally, the 
storage capacity of depleted HC reservoirs in the URG and total storage potential in terms of 
extractable energy are estimated. 
2. Description of Depleted Oil Reservoirs 
2.1. Regional and Petroleum Geology 
The Upper Rhine Graben (URG) is an about 300 km long NNE-SSW-trending continental rift 
system that has developed since about 47 Ma and accumulated up to 3.5 km of Cenozoic sediments 
(Figure 1). A first sedimentary sequence was deposited during WNW-ESE-extension at varying 
fluvial-lacustrine-brackish-marine conditions from late Eocene (c. 47 Ma) to Miocene (c. 16 Ma) times 
[41]. The deposition was followed by uplift and erosion mostly in the southern and central URG. This 
uplift and erosion phase caused a basin-wide unconformity in the URG, which can be identified in 
seismic sections [42]. Basin-wide deposition resumed in Pliocene times within the present NE-SW-
transtensional stress field (Figure 1). For a review and further details of the geological development 
of the URG see [22] and references therein. 
 
Figure 1. Stratigraphy of graben filling sediments in the central and northern URG [modified from 
[19]. Abbreviations of Miocene stages are as follows Mes.: Messinian, Tor.: Tortonian, Ser.: 
Serravalian, Lan.; Langhian. Asterisks mark formations that include hydrocarbon reservoirs and thus 
potential geothermal storage layers. 
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Hydrocarbon production in the URG occurred over more than 200 years, with a maximum of 
exploration and production activities in the 1950s to early 1960s (Figure 2; [43–45]). Modern research 
on the petroleum system, sedimentary-stratigraphic evolution, and diagenesis has been resumed in 
recent times [19,24,46–49]. 
 
Figure 2. Digital elevation model of the Upper Rhine Graben area showing the distribution of 
boreholes ≥ 500 m depth beneath surface (red circles) in the central Upper Rhine Graben. Data sources: 
Agemar et al. [50], NASA et al. [51]. KA: Karlsruhe. 
Oilfields in the URG can be either characterized by their origin from different source rocks (oil 
families A, B, C, D; [24]) or by their reservoir rocks from which the hydrocarbons have been extracted 
[45] and comprise either (i) Mesozoic rocks or (ii) both Mesozoic and Tertiary rocks or (iii) solely 
Tertiary rocks (Figure 3). Stacked reservoirs, i.e., production of oil from more than one reservoir either 
at the oilfield scale or at the borehole scale, are a characteristic feature in the URG for most oil fields. 
Figure 3 shows the range of the annual production of German oil reservoirs in the URG, which can 
be used to estimate their minimum storage capacities. 
The permeability of Cenozoic reservoir rocks is predominantly porosity-controlled. These 
reservoirs occur mainly in (1) the Pechelbronn Group (Eich-Königsgarten, Stockstadt, Landau, 
Pechelbronn; [45]), (2) the Froidefontaine Formation, including the Meletta beds and Cyrena marls 
(e.g., Leopoldshafen), as well as (3) the Niederrödern Formation (e.g., Leopoldshafen, Knielingen, Hayna, 
Rheinzabern, Graben, Huttenheim) (Figure 3). Higher up in the stratigraphy, minor reservoirs of a few 
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meter thick fractured dolomites and limestones rocks appear in the Worms Subgroup comprising the 
Cerithia, Corbicula, and Hydrobia beds. Medium to coarse-grained, weakly compacted sand layers 
in the Gr. Rohrheim and Weiterstadt Formations provide reservoir conditions for natural gas in the 
northern URG (e.g., Eich-Königsgarten; Stockstadt). These data typically originate from the boreholes 
drilled into the Tertiary stratigraphy. At the end of oil production at both individual borehole- and 
oilfield-scale the residual oil saturation, ROS, has commonly decreased to <10% [52,53]. In addition 
to low ROS, technical and economic reasons may also cause production stops. For locations at a larger 
distance from the oil-bearing parts of the reservoir, i.e., beneath the oil-water-contact (OWC), the 
reservoir rocks are assumed to be filled with formation waters with a negligible ROS; the reservoirs 
are thus referred to here as “depleted”. As hydrocarbons accumulate in the uppermost parts of a 
reservoir rock, the exploited oil commonly represents only a minor portion of the total volume of the 
reservoir rocks. 
While the clay-rich Haguenau Formation essentially lacks significant reservoir rocks—except for 
few occurrences along the URG margins, the sequences of the Pechelbronn Group host reservoirs 
mainly in the northern URG (e.g., Eich-Königsgarten), but also along the eastern and western URG 
margins (Pechelbronn, Landau; [45]). The major Rupelian transgression caused full marine 
conditions in the URG and deposition of the Rupel Clay, a major basin-wide seismic reflector in the 
URG [42], representing the lower part of the Froidefontaine Formation [19]. Deposition of commonly 
5–15 m, locally up to 23 m, thick calcareous fine-grained sand layers in the marine upper Meletta beds 
indicates short regressive phases [48]. The stratigraphically overlaying Cyrena marls, deposited 
under brackish conditions, host fine to medium-grained calcareous sand-rich channel fillings with 
typical thicknesses of <10 m, but locally up to >40 m [23,54]. These channel fillings pinch out within 
short lateral distances [54]. The Niederrödern Formation hosts ≤20 m, locally up to >30 m, thick fluvial 
and lacustrine fine-grained marly sand layers and lenses that show lateral thinning or pinch-out 
within several hundred meters [23,54]. Due to varying displacements between graben internal blocks 
[22,55], the depth of these reservoir rocks varies between the surface to about 2000 m 
[19,23,24,54,56,57] depending on their position between central and marginal fault blocks [22,55]. 
Due to the intense deformation of the sedimentary successions in the URG, structural 
hydrocarbon traps prevail over sedimentary traps [45,58]: Most hydrocarbons were trapped in 
slightly tilted sand-rich layers or lenses in the footwall of normal faults. These faults comprise either 
single (Leopoldshafen; [55]) or multiple structural traps that are structurally rather simple 
(Stockstadt, Eich, Scheibenhard; [59,60]) or more complex (Landau; [61]). Along the eastern URG 
margin dome structures comprise structural traps (Weingarten; [55]). Oil traps in gentle rollover 
structures occur locally (Knielingen, Neureuth; [55]). Unconformities are of particular importance in 
the northern URG (Eich; [60]) for natural gas trapped in sand-rich layers of the Groß Rohrheim- and 
Weiterstadt-Formations beneath the regional Miocene unconformity and for the Mesozoic reservoirs 
(e.g., Eschau, Römerberg (Speyer)) beneath the basal Eocene unconformity of the URG, commonly 
covered by sealing mudstones of the Haguenau Formation. In the southern parts of the URG, Eocene 
evaporites comprise important seals of Mesozoic reservoirs [59]. Hydrocarbon migration and 
accumulation appear to be a relatively young, possibly ongoing process in the URG that probably 
has been initiated during the late Miocene—early Pliocene times [45]. 
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Figure 3. Annual oil production of German oil fields in the URG [62]. Shown are the mean production 
(red circle), the median production (blue line), the interquartile range (filled grey box), and the total 
variation (filled red triangles). Fields that have solely produced from the Tertiary are represented in 
dark grey, fields that have produced from both Tertiary and Mesozoic are in medium grey, and fields 
that have solely produced from the Mesozoic are in white boxes. Not shown are fields for which 
production data of only one year is available: Büchenau (168 ta−1), Deidesheim (345 ta.1), and 
Schwarzbach (632 ta−1). The asterisks indicate the oil fields that are used for HT-ATES potential 
estimation (see Chapter 5). 
2.2. Thermal and Petrophysical Data of Reservoir Rocks 
The URG is characterized by deep-reaching thermal anomalies resulting from fault-controlled 
convective fluid flow mostly within the crystalline basement and Mesozoic successions beneath low 
permeable clay-rich graben filling sediments [39,63]. These anomalies are also evident in the Cenozoic 
graben filling sediments, with temperatures locally exceeding 140 °C in 2 km depth [17,64] and 
geothermal gradients between 35 K km−1 and 58 K km−1, locally even reaching gradients of up to 100 
K km−1 [50,54]. 
For heat storage systems, the hydraulic properties (e.g., porosity and permeability) of the rock 
are of key importance. Typical porosities and permeabilities of 5–20% and 10−16–10−14 m², respectively, 
are obtained from 85 core samples belonging to 39 exploration and production wells in 19 different 
oil-bearing Tertiary reservoir rocks in the URG [19,23,24,54,56,57]. Heterogeneous carbonate 
cementation and secondary carbonate dissolution [24] lead to porosities of 30% and permeabilities of 
10−12 m² (Figure 4). While an exponential correlation between porosity and permeability is observed, 
both values show no straightforward correlation with depth and cannot be used to distinguish 
between different target formations. Note that due to larger uncertainties, logging data (as compiled 
by e.g., [65]) are not included in Figure 4 and not further considered. 
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Figure 4. Overview of porosity and permeability data measured from core plugs of Tertiary oil 
reservoir rocks in the central URG (France and Germany; # of data sets: 51). Rectangles mark 
individual data spread for both porosity and permeability data from individual sites and depths, 
respectively. Small circles mark specific data from one site. Greyscale displays the maximum stacking 
of individual data sets. Data are compiled from the following literature [19,23,24,54,56,57]. 
Thermal properties of Tertiary rocks in the URG are very scarce and reveal large variations and 
uncertainties. Whereas thermal conductivities were measured on core samples [57,66,67], data on 
heat capacities are only available for comparable lithologies of the same age in the Northern German 
Basin [68,69]. 
3. Numerical Modeling 
Data of depleted HC reservoirs in the URG are the basis of a numerical evaluation of the viability 
and efficiency of seasonal HT-ATES in these reservoirs. The numerical study is especially 
advantageous to quantify the impacts of uncertainties in the compiled geological and petrophysical 
data. Our modeling approach is limited to the REV concept (“representative elementary volume”; 
[70]) and the mutual coupling of hydrothermal processes. The modeling concept of the seasonal HT-
ATES is assuming a doublet borehole system consisting of a cold and a hot leg with semi-annual 
injection and production load-time-functions (Figure 5). In this way, the cold leg is used for the 
injection during winter and the production during summer, whereas the hot leg is operated in the 
opposite configuration. It offers the advantage of installing specific temperature-dependent 
compounds in each well. Due to the low thermal diffusivities of rock [71] steady-state conditions 
cannot be reached after a foreseeable period. Therefore, a transient approach is used for modeling 
with a total simulation period of ten years. 
Energies 2020, 13, x FOR PEER REVIEW 8 of 27 
 
 
Figure 5. Generic model developed to analyze the feasibility and potential of HT-ATES in the URG. 
The model consists of a reservoir of variable thickness (5, 10, or 20 m; green) and two confining layers 
(blue). The enlarged section in the upper left gives a detailed view of the refined mesh around the hot 
well of the doublet. The arrows illustrate the semi-annual injection and production during summer 
(red) and winter (green). 
3.1. Modeling Approach 
The mass transport equation used to estimate the pore pressure, p, is given by mass balance 








(−∇  +    ) 
(2) 
   is the mixture specific storage coefficient of the medium; t is the time;   is the source/sink 
term for injection and production,   is the permeability tensor,   and     are the fluid dynamic 
viscosity and density, respectively and   is the gravitational acceleration. In the considered scale of 
geothermal storage, fluid dynamic viscosity, and density nonlinearly depend on temperature and 
pressure [72]. This nonlinearity leads to high computational efforts. 
It is assumed that the solid and liquid phases in porous media are in local thermodynamic 
equilibrium. Heat transport, used to estimate the temperature, can be mathematically expressed 




−  ∇   + (   )  ∇  = 0 
(3) 
    and   are the heat capacity and thermal conductivity of the mixture, respectively. (   )  
represents the heat capacity of the fluid. The open-source code TIGER (THC sImulator for 
GEoscientific Research; [73]) has been deployed, which is based on the described assumptions and 
implemented within the object-oriented framework MOOSE [74,75]. 
With ROS being ignored for the simulated water-bearing formations, only single-phase flow is 
considered. It is assumed that injection and production take place below the oil-water contact in the 
reservoir layer and are not affected by accumulations of residual oil. Besides, it may be assumed that 
potential ROS is further reduced after a few injection and production cycles having washed out any 
oil traces. 
A generic 3D model of a potential HT-ATES site in the URG represents the core of the numerical 
study. The center of the reservoir is assumed to be at a depth of 1.2 km corresponding to an average 
value of former oil reservoirs. The lateral extension of the model (3 km × 3 km) is chosen to avoid any 
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boundary effects on the area of interest. Vertically, the model extends over 300 m with three layers 
assumed: the reservoir in the center of the model with variable thicknesses of 5, 10, or 20 m and two 
confining layers with equal thicknesses (Figure 5). The selected thickness values of the confining 
layers further assure that top and bottom boundaries do not affect the modeling area of interest. Two 
wells are located in the center of the model with a lateral distance of 500 m from each other to avoid 
any thermal interference between the wells as this significantly reduces the storage efficiency [73,76]. 
Two different well trajectories were considered: (1) vertical boreholes only and (2) a vertical section 
covering the top half of the reservoir layer with a horizontal section of 100 m length in the center of 
the reservoir layer pointing in opposite directions. While the vertical design represents a normal 
borehole, the addition of a horizontal section represents a technical approach to increase the contact 
area between the borehole and the reservoir, similar to the effect of a larger reservoir thickness. 
The unstructured mesh consisting of tetrahedral elements was created by the Gmsh software 
[77]. The element sizes vary between 2.5 m (along the vertical well sections) and 187.5 m (at the model 
boundaries). Further refinement was performed along the horizontal well sections as well as in the 
area surrounding the wells where the highest gradients of the pressure and temperature field are 
expected to occur. A mesh sensitivity analysis was performed to avoid any mesh dependency on the 
results. In total, the model contains 18,589 nodes connected by 107,894 elements. 
Hydrostatic pore pressure was applied to the model by setting Dirichlet boundary conditions 
(BCs) at the top and the bottom of the model domain with an associated initial condition (IC). 
Injection and production flow were implemented by using time-dependent mass flux functions at the 
top of the reservoir with six months’ cycles. These time-dependent functions represent simplified 
approximations of a real pumping operation by assumed instantaneous reversal of the pumping 
direction at the end of each cycle. The temperature distribution within the model is based on a 
favorable geothermal gradient of 50 K km−1 under the URG setting (see above). It was achieved by 
setting Dirichlet BCs at the top and the bottom of the model domain and corresponding ICs 
throughout the model. To implement the injection of water with a specific temperature into the two 
wells, Dirichlet BCs at the top of the reservoir (corresponding to the beginning of the open hole 
section) are activated during the injection period of the respective well. 
It is considered that the hydraulic operational parameters imply major constraints for the 
operation of HT-ATES. Both, flow rate and associated pressure changes involve a potential hazard to 
induce micro-earthquakes. Herein, we assume a cautious operation in an urban or sensitive 
environment limiting the hydraulic parameters to a maximum overpressure of Pmax = 2 MPa and flow 
rate of Qmax = 10 Ls−1. Experience has shown, that this Pmax/Qmax combination does not create a major 
mechanical impact (induced seismicity; [78,79]) on a reservoir. This cautious combination can be 
exceeded under specific conditions. Model simulations are thus aborted if pressure changes caused 
by the injection exceed this Pmax threshold. 
3.2. Reference Case 
A reference model (hereafter called “reference case”) of typical parameterization (Table 1) was 
developed to demonstrate the general behavior of an HT-ATES. It also serves for comparison to 
further parameter sensitivity studies. The two seasonal operation modes are represented by injection 
with a temperature of 140 °C in the hot well during the summer (using the cold well as producer) 
and an inverted mode during the winter when water with a temperature of 70 °C (i.e., the ambient 
reservoir temperature) is injected in the cold well (using the hot well as producer). 
Table 1. Parametrization of the reference case. 
Parameter Value 
Reservoir thickness (m) 10 a 
Reservoir permeability (m²) 6.6 × 10−14 a 
Thermal conductivity of the reservoir (Wm−1K−1 ) 2.5 a 
Thermal conductivity of the caprock (Wm−1K−1 ) 1.4 a 
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Injection/production flow rate (Ls−1)  2 a 
Injection temperature of the cold well (°C) 70 a 
Injection temperature of the hot well (°C) 140 a 
Porosity (reservoir and cap rock) (-) 0.15 a 
Permeability of the caprock (m²) 10−18 a 
Volumetric heat capacity of the reservoir (MJ.m−3K−1) 3.15 e 
Volumetric heat capacity of the caprock (MJ.m−3K−1)      3.3 e 
Fluid thermal conductivity (W.m−1K−1 ) 0.65 d 
Fluid specific heat capacity (J.kg−1K−1 ) 4194 
Fluid density (kg.m−3  ) 1060 b 
Fluid dynamic viscosity (Pa.s) f(T,p) c 
Well diameter (m) 0.2159 a 
Data origin is marked with a our data compilation/assumptions, b Millero et al. [80], c Smith and 
Chapman [72] d Coker and Ludwig [81], e Scheck [68] In contrast to the above described general 
nonlinear dependency of the fluid density on temperature and pressure, it is kept constant in the 
modeling due to its insensitivity on the modeling results. 
The selected temperature conditions do not imply an energy balanced storage operation. The 
setting involves a negative energy budget due to the diffusive losses around the hot well as water 
with a temperature exceeding the ambient reservoir temperature is stored. As a result, the simulation 
is resulting in continuous warming of the reservoir next to the hot well. The minimum production 
temperature at the end of each winter operation increases from 94.5 °C after the first year to 112.7 °C 
after the 10th year (Figure 6). It reflects the accumulation of thermal energy in the reservoir that is 
also shown in Figure 7. This behavior agrees with earlier assessments of geothermal storage systems 
[35]. Under the assumed conditions the thermal perturbation during injection extends over a 
maximum distance of 90 m from the hot well after 10 years. The accumulation of heat leads to a slow 
temperature increase in the reservoir and yields a decreasing diffusive heat loss with time [32]. The 
temperature difference of 70 K between injection and ambient conditions will thus reduce with time 
and reservoir temperature asymptotically approaches injection temperatures of 140 °C at near steady-
state conditions. This contrasts the behavior of shallow storage systems with smaller temperature 
differences close to a balanced energy budget [35], where near steady-state conditions are reached 
after a comparably short operation time of already three years. 
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Figure 6. Temperature over time (red curve) of the reference case model. The blue circles show the 
recovery efficiency ε of each year. 
This behavior is reflected by an improved recovery efficiency, ε. It represents an important 
parameter for the feasibility of heat storage systems and is defined as the ratio between extracted and 
stored energy. Since the conditions at the cold well do not change, ε characterizes the conditions at 
the hot well: 
  =
∫(  ( ) −   )   
∫(  ( ) −   )   
  (4) 
With Tp(t) the production temperature, Ti(t) the injection temperature, and Ta the average initial 
reservoir temperature. Herein, ε is calculated for periods with a length of one year. 
Figure 6 shows an increase in ε from 66% in the 1st year to 82% in the 10th year. These values 
correspond to the amount of extracted energy increasing from 1.8 GWh to 2.2 GWh under the 
conditions of the reference case with 2.7 GWh of heat injected annually in the reservoir. These high ε 
values seem to be representative for geothermal systems as they confirm earlier studies for low [35] 
or high-temperature storage [31,82]. The increase of ε of 16% in the reference case compares well to 
earlier studies on shallow thermal storage, implicating increases between 1% and 30% [30,32]. 
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Figure 7. Evolution of the reservoir temperature after (A) 2 years, (B) 4 years, (C) 6 years, (D) 8 years, 
and (E) 10 years. Shown is the state of the reservoir of the reference case at the end of the winter 
production phase next to the hot well. 
4. Parameter Sensitivity on Recovery Sensitivity 
The findings of the reference case exemplify the behavior of an HT-ATES based on an average 
reservoir parametrization of the URG. Chapters 2.1 and 2.2 show a large variety of relevant 
parameters for a general resource estimation of depleted hydrocarbon reservoirs in the URG. Herein, 
we systematically investigate the influence of the most important reservoir parameters and the 
drilling trajectory to determine their impact on storage efficiency, using an adapted and extended 
filtering concept, which was originally developed in Gholami Korzani et al. [73]. The following 
sensitivity range is investigated (Table 2): 
  
Energies 2020, 13, x FOR PEER REVIEW 13 of 27 
 
Table 2. Selected ranges of geological and operational parameters to determine their influence on 




Reservoir permeability (m²) 
Vertical well 6.6 × 10−15 3.3 × 10−13 
Horizontal well 1 × 10−15 3.3 × 10−13 
Reservoir thickness (m) 5 20 
Thermal conductivity (Wm−1K−1) 
Reservoir (res) 2 3 
Cap rock (cap) 1 2 
Injection/production flow rate (Ls−1) 1 10 
4.1. Parameter Variation for the Vertical Well Setup 
The influence of reservoir thickness, permeability, and flow rates on  is first investigated with 
constant thermal conductivities (res = 2.5/cap= 1.4 Wm−1K−1) for a vertical well setup. For the parameter 
variation an adapted grid sampling was used based on Table 2 (see Table A1). Figure 8 shows the 
impact of reservoir thickness and flow rate on ε with higher values being obtained for higher 
thicknesses and flow rates. After the 10th operation cycle   < 77% is reached for a thickness of 5 m 
and ε of up to > 87% for a thickness of 20 m. Under the constraints of the Pmax threshold, typically a 
minimum permeability between 10−14 m² and 10−13 m² (cases I and IV in Figure 8) is required for these 
HT-ATES with even higher values for higher flow rates. At a given permeability, high reservoir 
thicknesses allow for more variable flow rates due to their lower injection pressure, e.g., at 10−13 m² 
flow rates can increase up to the Qmax = 10 Ls−1 threshold, whereas at 10−14 m² flow rates can only reach 
1 Ls−1. 
 
Figure 8. The dependency of ε on flow rate, reservoir permeability, and thickness. The numbers 
identify the specific permeability for each flow rate: (I) 10−14 m², (II) 3.3 × 10−14 m², (III), 6.6 × 10−14 m², 
(IV), 10−13 m², and (V) 3.3 × 10−13 m². 
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The sensitivity of these three parameters on ε is illustrated in Figure 9. Due to the limitations set 
by the Pmax threshold, the sensitivity was calculated in comparison to a model slightly different from 
the reference case (with a permeability of 10−13 m² instead of 6.6 × 10−14 m²). A variation of reservoir 
thickness represents the strongest individual influence on ε with a 50% variation leading to a change 
in ε of nearly 10%. The same variation for flow rate leads only to a change in ε of 2%. Although 
reservoir permeability shows only a low influence on , its importance arises from its impact on the 
pressure evolution in the reservoir and thus the operation with high flow rates. It can be concluded 
that major attention should be paid to the reservoir thickness when choosing a potential HT-ATES 
site. 
 
Figure 9. Sensitivity analysis on the parameter influence on ε. The shown changes are referenced to a 
model comprising a permeability of 10−13 m², a thickness of 10 m, and a flow rate of 2 Ls−1. 
Figure 9 also illustrates the influence of thermal conductivity. For this purpose, the flow rate was 
kept constant at 2 Ls−1 and reservoir permeability at 10−13 m². The importance of proper treatment of 
res and cap is highlighted by the fact that the impact of their variation on ε reaches the same order of 
magnitude as changes in flow rate and reservoir thickness. This means that variations of thermal 
conductivities in the subsurface should receive equal attention as hydraulic and geometrical reservoir 
parameters in the planning of HT-ATES sites. On the other hand, this further implies that all results 
regarding the variation of hydraulic and geometrical parameters are additionally subjected to the 
described uncertainties related to varying thermal conductivities of both the caprock and the 
reservoir. 
Figure 10 provides more details to this statement for variations of res and cap. Typically, a lower 
cap tends to isolate the reservoir leading to higher ε whereas higher values imply higher heat losses. 
At lower reservoir thicknesses a variation of res is nearly insignificant (manifesting as vertical ε 
isolines in Figure 10a). res is only getting important when the reservoir thickness increases drastically, 
yielding inclined ε isolines (Figure 10c). This effect is caused by the decreasing influence of the 
caprock (acting as a thermal insulator) on the propagation of the injected hot water. 
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Figure 10. Comparison of the influence of the variation of the thermal conductivities of the reservoir 
(λres, on the y-axis) and the caprock (λcap, on the x-axis) on ε for reservoir thicknesses of 5 m (a), 10 m 
(b), and 20 m (c). In the left figure (a) the simulated scenarios are marked by asterisks. 
4.2. Comparison of Vertical and Horizontal Well Setups 
Drilling horizontal wells are becoming a standard procedure for the exploitation of hydrocarbon 
reservoirs [83,84] and could also be a possible blueprint for geothermal storage. Therefore, and 
particularly concerning the geological setting of potential reservoir layers in the URG, the influence 
of the well setup on the operation of HT-ATES is investigated by comparing the vertical well setup 
with a 100 m long horizontal well setup. Figure 11 shows the results for a 10 m thick reservoir layer 
with permeability and flow rate variations as provided in Table 2. 
The horizontal well section leads to reducing pressure variations within the reservoir due to the 
larger contact area between the well and the reservoir compared to the vertical drill path. 
Consequently, higher operational flexibility could result from applying higher flow rates or utilizing 
reservoirs of otherwise uneconomically low permeability (Figure 11). For a permeability of 10−13 m² 
(case IV in Figure 11), for instance, drilling of such a horizontal well section leads to an increase of 
the maximum flow rate from 5 Ls−1 to 10 Ls−1 or reservoirs with a permeability of 10−14 m² (case I in 
Figure 11) could still be used. However, drilling horizontal wells could also have minor adverse 
effects. At low flow rates, the higher heat transfer through the larger surrounding surface area will 
increase heat losses and results therewith in lower ε. This difference diminishes with higher flow 
rates. 
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Figure 11. The dependency of ε on reservoir permeability, flow rate, and the well setup. The numbers 
identify the specific permeability for each flow rate: (I) 10−14 m², (II) 3.3 × 10−14 m², (III), 6.6 × 10−14 m², 
(IV), 10−13 m², and (V) 3.3 × 10−13 m². 
5. Discussion and Possible Energy Extraction in the URG 
To assess the potential of specific HT-ATES systems, it is necessary to consider the storage 
capacity, i.e., the total energy stored and extracted, rather than recovery efficiencies. Herein, we refer 
to the storage capacity Estor as the total amount of energy extracted during the 10th year of operation. 
Figure 12 compares Estor for the vertical and the horizontal well setup for identical Pmax constraints 
(i.e., all models assume P = Pmax at injection). It can be observed that Estor varies between values of 1–
12 GWh a−1 and increases with reservoir permeability and thickness. Despite slightly lower recovery 
efficiencies, the use of the horizontal well setup leads to a significantly higher absolute storage 
capacity for the given permeability/thickness combination due to higher total flow rates. Especially 
in the critical permeability range between 10−14 m²–10−13 m², the horizontal well setup offers 
advantageous settings. The results of Figure 12 are further constrained by the Qmax threshold limiting 
the maximum storage capacity of the power plant. Thus, the maximum capacity can become 
independent of the borehole geometry if the maximum flow rate is reached resulting in a maximum 
storage capacity of 12 GWh a−1. At a higher Qmax threshold, the storage capacity could further increase. 
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Figure 12. Maximum annual energy extraction (= storage capacity) as a function of reservoir 
permeability and thickness for both, a vertical and a horizontal well setup. The black frame marks the 
permeability-thickness combination of the reference case, the black arrow illustrates the increase in 
the storage potential for the horizontal well setup. 
The possible gain in Estor through horizontal wells is illustrated by comparing the reference case 
(vertical well, black square in Figure 12) to its horizontal counterpart (black arrow in Figure 12). 
Under the given threshold conditions, the reference case allows the storage of 3.9 GWha−1, whereas a 
horizontal well reaches 7.9 GWha−1. This corresponds to an increase of about 100% in annual storage 
capacity. 
The described higher storage capacity of the horizontal well setup is mainly of importance at 
low permeability and/or low reservoir thickness since it can turn uneconomic exploitation into a 
valuable business case. For reservoirs with very low permeability (<10−14 m²) and thicknesses, longer 
horizontal well sections could thus be considered. For instance, a well with a 500 m long horizontal 
section would even allow the exploitation of reservoirs with permeability ≥10−15 m². However, since 
this also results in higher investment costs, the vertical well setup can be more economically viable 
for high permeabilities. The optimal well setup has always to be determined specifically for each 
potential site. 
As the last step of this potential analysis, the assessment of Estor of potential HT-ATES in 
depleted oil fields of the URG needs to be tackled. Herein, we combine our synthetic numerical 
findings with the available data from oil reservoirs. This evaluation is limited to a subset of reservoirs 
described in Chapter 2 with available measurements on permeability and thicknesses consisting of 
41 wells in 10 reservoirs (as shown in Table A2). A histogram of possible storage capacity is provided 
in Figure 13 derived from the parameter range of this subset assuming a vertical/horizontal well setup 
and thermal conductivities of the reference case (res = 2.5 and cap= 1.4 Wm−1K−1) as only scarce 
information on res and cap in the URG exists. As expected, the storage capacity of the horizontal wells 
is more favorable compared to vertical wells. Figure 13 indicates a maximum Estor for vertical wells 
between 4 and 6 GWh and for horizontal wells at Estor > 10 GWh. This distribution is especially a 
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clue for the realization of these systems with Estor > 8 GWh being reached for approx. 70% of all 
horizontal wells but only 27% of the vertical wells. 
 
Figure 13. Distribution of the storage capacity for the selected subset of oil fields in the URG (for 
details see Table A2). The bars illustrate the storage capacity of these oil fields for both the vertical 
(red) and the horizontal (blue) well setup assuming average measurements of the permeability and 
thickness of the respective reservoirs when operated at Pmax. 
Assuming a minimum economic threshold of Estor = 2 GWh as reached, for example, by the 
Reichstag storage system in Berlin [85], 80% of the vertical and 90% of the horizontal wells would 
provide sufficient reservoir conditions. Even if the minima of the underlying data are considered as 
representative instead of average values, a considerable number of reservoirs would still meet the 
assumed economic threshold (46% of the vertical and 76% of the horizontal wells). 
If we assume that the selected subset of reservoirs is representative of all depleted oil reservoirs, 
the total potential of HT-ATES in the URG can be estimated. In the URG, 26 German and 36 French 
depleted oil reservoirs exist (including reservoirs with exploration activity only) and 
characteristically constitute stacked reservoirs with more than one reservoir layer. The exploitation 
of these reservoirs by horizontal wells could lead to a storage potential in the magnitude of up to 
1′000 GWh a−1 assuming average capacities of approx. 10 GWh a−1. The exploited area even of 
horizontal wells is typically restricted to a 100 m distance from the well (see example in Figure 7) 
leading to a storage area of less than 1 km² assuming a lateral distance of 500 m between the boreholes. 
Especially in the case of the laterally extensive Meletta beds, it may be assumed that the potentially 
usable size of the depleted reservoir exceeds this storage area, leading to a possible realization of 
multiple storage doublets per reservoir. This may further scale the potential capacities of HT-ATES 
in the URG to the magnitude of up to 10 TWh a−1. This order of magnitude compares well to the 
regional thermal energy demand. Taking as a basis the annual thermal energy need of Germany of 
1800 TWh [86], the annual thermal energy need for the 6 million inhabitants in the URG [87] would 
scale down to 135 TWh. In this context, HT-ATES would cover a significant share in a sustainable 
manner. However, future analyses have to focus also on a life cycle analysis considering the intrinsic 
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energy need for operating these systems and have to quantify the economic impact. Potentially 
available sources of sustainable heat may include excess heat from geothermal production (i.e., from 
deeper reservoirs such as the Mesozoic Buntsandstein) or solar energy as well as waste heat of 
industrial processes. However, numerical studies and economic analyses are of limited significance 
and cannot replace the analysis of real systems. Therefore, the potential of this new geothermal 
technology needs to be quantified by scientific demonstrators. 
6. Conclusions and Outlook 
HT-ATES could potentially play an important role in storage scenarios required for a climate-
neutral society, but this new technology has to prove its feasibility and meet the necessary public 
acceptance. In this respect, areas of former hydrocarbon production could provide both, the necessary 
reservoir conditions and the knowledge on these as well as the local experience of low-hazard 
hydrocarbon production for more than 50 years. Based on the extensive production experience, it can 
be expected that the storage operation in the soft, clay-rich sediments of the Tertiary rock to be mostly 
aseismic. Moreover, a low flow rate—much lower than required for geothermal power production—
is applicable, further reducing the seismic risk, especially for densely populated areas. 
Such a concept could also perfectly symbolize the transition from a hydrocarbon-based past to 
renewable energy in the future. As shown by this study, depleted oil reservoirs represent an 
important resource potential for HT-ATES systems in the URG. Despite the modest permeability and 
thickness of the investigated reservoirs, they could mostly (i.e., about 80% of all investigated sites) be 
used for HT-ATES with storage capacity, Estor above 2 GWh. Other promising sandstone layers and 
lenses occur in the Cenozoic successions of the URG, known from exploration drillings, that lack 
accumulation of hydrocarbons and therefore largely escaped detailed petrophysical investigations. 
Some of these sandstones most likely accumulated hydrocarbons in the past, but these previously 
accumulated hydrocarbons were probably ‘flushed’ away due to tectonic activities [55]. 
The presented study could benefit from the large database of the abandoned oil reservoirs in the 
URG, comprising detailed petrophysical and stratigraphic information. However, the data from the 
hydrocarbon exploration and operation can partly not simply be transferred into a hydraulic-driven 
thermal storage system and seem to be most reliable for core measurements of the ambient rock. 
Future analyses should investigate (1) the impact of residual oil concentration in the reservoir on HT-
ATES operation and efficiency, as well as (2) the influence of chemical reactions in the reservoir, e.g., 
dissolution/precipitation of mineral phases due to the injection of hot water and their influence on 
porosity/permeability. It is noteworthy to mention the applied simplifications concerning constant 
reservoir parameters and horizontal geometries, whereas our data compilation exhibits significant 
heterogeneities due to complex geological processes [54]. Herein, we quantified this impact in our 
sensitivity analysis, however, future applications have to investigate this effect further. 
The results show that the storage capacity of HT-ATES in depleted oil reservoirs of the URG 
depends most sensitively on reservoir thickness, the applied injection/production flow rates, and the 
thermal conductivities of the reservoir caprock. The results identify the high recovery efficiency in 
HT-ATES in depleted oil reservoirs reaching values of >80%. Assuming the above-considered 
injection temperature, deeper, thus warmer, reservoirs would be even more efficient, and a further 
increase of the recovery factor by >5% can be expected. The numerical study demonstrated the benefit 
of operating a horizontal well orientation. Under these conditions, a considerable part of the 
reservoirs could be utilized in an economically viable manner. Not surprisingly, the deployment of 
advanced technologies such as directional drilling or geosteering promises optimum success. The 
order of magnitude of the estimated annual storage capacities of depleted oil reservoirs in the URG 
of up to 10 TWh represents a significant part of the thermal energy demand of the population in the 
URG. Furthermore, as numerical studies cannot replace the analysis of real systems, scientific 
demonstrators are needed for a proof of concept. For future economic use, further studies including 
life cycle analyses are essential. 
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Appendix A 
Table A1. Parameter variation used for the parameter sensitivity analysis on recovery efficiency. 
Parameter  Variation 
Reservoir permeability [m²] 
Vertical well 6.6 × 10−15 1 × 10−14 3.3 × 10−14 6.6 × 10−14 1 × 10−13 3.3 × 10−13   
Horizontal well 1 × 10−15 3.3 × 10−15 6.6 × 10−15 1 × 10−14 3.3 × 10−14 6.6 × 10−14 1 × 10−13 3.3 × 10−13 
Reservoir thickness [m] 5 10 20      
Thermal conductivity [Wm−1K−1] 
Reservoir (λres) 2 2.5 3      
Cap rock (λcap) 1 1.4 2      
Injection/production flow rate [Ls−1] 1 2 5 7.5 10    
Table A2. Overview of 41 wells from 10 depleted French and German oil fields in the URG that are used to assess their potential for HT-ATES in Chapter 5. The 
data also include values obtained from log calculations. The reservoir permeability (1 × 10−15–4 × 10−12 m²) and thickness (3–48 m) distributions of these wells map 
representative values of the data basis in the Upper Rhine Graben (see Chapter 2). The abbreviations of the reservoir formations stand for the following: 
Niederrödern Fm. (NF), Cyrena marls (CyM), Meletta beds (Me), Pechelbronn Fm. (PBF), Eocene basis sands (EBS), Série grise (comprising, among others, Cyrena 
marls and Meletta beds; SG), and Beinheim sandstones (BS). 





Permeability Min [m²] Permeability Avg [m²] Permeability Max [m²] Source 
Eich-Königsgarten Eich 27 PBF 1760–1855 20–30 1 × 10−14 2 × 10−13 4 × 10−12 [88] 
Landau 104 EBS  25 5 × 10−15 7.1 × 10−15 10−14 [19,61,89] 
Leopolds-hafen 
N 1 NF 1196 5,6 2.4 × 10−15 1.4 × 10−14 7.7 × 10−14 [24] 
N 1a Me 1233.3–1237.4 18 1.3 × 10−15 2.2 × 10−15 3.8 × 10−15 [24] 
Neureut 2H NF 1107–1111.2 9 1.1 × 10−13 1.1 × 10−13 1.1 × 10−13 [24] 
Offenbach  CyM, Me  11 4 × 10−13 6.6 × 10−13 1.1 × 10−12 [58,89] 




408.2 7 1.4 × 10−13 1.4 × 10−13 1.4 × 10−13 [19,24] 
Wiag-Deutag 205 243.3 16 1.3 × 10−13 1.3 × 10−13 1.3 × 10−13 [24] 
Energies 2020, 13, x FOR PEER REVIEW 22 of 27 
 
Eschau 
1 NF, CyM, Me 280–450 34 1 × 10−14 3.2 × 10−14 1 × 10−13 [23] 
2 SG 375–552 17,5 1 × 10−14 3.2 × 10−14 1 × 10−13 [23] 
3 SG 390.2–608.3 15 1 × 10−14 3.2 × 10−14 1 × 10−13 [23] 
5 SG 599.7–633.3 11 1 × 10−14 3.2 × 10−14 1 × 10−13 [23] 
6 NF 294–352 10 1 × 10−14 3.2 × 10−14 1 × 10−13 [23] 
6 SG 475–575 7 1 × 10−14 3.2 × 10−14 1 × 10−13 [23] 
7 NF  30 1 × 10−14 3.2 × 10−14 1 × 10−13 [23] 
7 SG 433–465 22 1 × 10−14 3.2 × 10−14 1 × 10−13 [23] 
9 NF 318–324 6 1 × 10−14 3.2 × 10−14 1 × 10−13 [23] 
9 SG 450–555 19 1 × 10−14 3.2 × 10−14 1 × 10−13 [23] 
10 SG 432–520 48 1 × 10−14 3.2 × 10−14 1 × 10−13 [23] 
11 NF 287–392 28 1 × 10−14 3.2 × 10−14 1 × 10−13 [23] 
11 SG 400–620 25 1 × 10−14 3.2 × 10−14 1 × 10−13 [23] 
101 NF 290–440 37 1 × 10−14 3.2 × 10−14 1 × 10−13 [23] 
102 NF 305–490 41 1 × 10−14 3.2 × 10−14 1 × 10−13 [23] 
103 NF 290–440 23 1 × 10−14 3.2 × 10−14 1 × 10−13 [23] 




188–193 5 1 × 10−13 1 × 10−13 1 × 10−13 [23] 
10 166–183 11 1 × 10−13 1 × 10−13 1 × 10−13 [23] 
11 150–167 15 1 × 10−13 1 × 10−13 1 × 10−13 [23] 
12 160–180 18 1 × 10−13 1 × 10−13 1 × 10−13 [23] 
13 162–180 13 1 × 10−13 1 × 10−13 1 × 10−13 [23] 
14 151–167 10 1 × 10−13 1 × 10−13 1 × 10−13 [23] 
17 151–223 36 1 × 10−13 1 × 10−13 1 × 10−13 [23] 
18 158–187 10 1 × 10−13 1 × 10−13 1 × 10−13 [23] 
20 169–183 8 1 × 10−13 1 × 10−13 1 × 10−13 [23] 
21 161–176 13 1 × 10−13 1 × 10−13 1 × 10−13 [23] 
24 167–187 16 1 × 10−13 1 × 10−13 1 × 10−13 [23] 




950 7.5–20 1 × 10−12 1 × 10−12 1 × 10−12 [23] 
2 950 10 1 × 10−12 1 × 10−12 1 × 10−12 [23] 
3 945 15 1 × 10−12 1 × 10−12 1 × 10−12 [23] 
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